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ABSTRACT
The net primary productivity (NPP), also known as the net ecosystem
metabolism, of an estuary is a value indicative of the growth and activity of an estuary’s
primary producers, relative to the metabolic activity of its consumers. When NPP is high,
estuaries exhibit autotrophic conditions that have the capacity to support fruitful bivalve
aquaculture. For oyster farmers, the ability to monitor an estuary’s NPP would allow
them to predict and prepare for seasonal changes to oyster growth that result from
changes to their phytoplankton food source and access to dissolved oxygen (DO). Not
only would this aid farmers on site at the location of current oyster culture operations, but
measuring the NPP of potentially new locations for oyster farms could also aid farmers in
informed site selection, saving them money down the road. NPP can be calculated using
dissolved oxygen measurements applied to an equation for Net Ecosystem Metabolism
(NEM) known as the Delta Method. This study aimed to create an easy-to-use,
inexpensive model that oyster farmers can use on site to monitor the changes to
biological activity, in terms of NEM, occurring in the estuary in which they grow their
oysters. By using dissolved oxygen data collected from the Damariscotta River, an
estuary that supports multiple productive oyster farms and hosts two data-gathering,
remote-sensing buoys, I also determined the viability of using this tool for site assessment
of future oyster farm locations. A comparison of NEM and net primary productivity
(NPP) values generated by the model to values reported in the literature, NPP found
using 14C radiocarbon analysis, and seasonal trends in other biological and physical
variables at play in the estuary, such as chlorophyll, nitrate, PAR, and temperature,
revealed that the model is capable of producing useful and relatively accurate values. An
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evaluation of DO as a measurement, compared to 14C, revealed that DO measurements
have their limitations, but the NEM values they are used to calculate provide a more
comprehensive picture of biological activity occurring among trophic levels in an estuary
than any of the other measurements discussed in this study. The highest NEM values
generated by the model were found at the location of current oyster farm operations in the
Damariscotta River, indicating that the values generated by the model correctly reflect
this site’s current, demonstrated capacity to support aquaculture. This suggests that the
model could be used by oyster farmers as a viable, inexpensive tool for site assessment in
the future.
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INTRODUCTION
The net primary productivity (NPP), also known as the net ecosystem
metabolism, of an estuary is as much an object of concern for aquaculturists as it is for
scientists. Primary productivity is a value indicative of the growth and biological activity
of an estuary’s primary producers, such as halophytes, algae, and phytoplankton. Where
aquaculturists are concerned, phytoplankton populations fuel sizeable oyster farm
operations in estuaries all over the state of Maine, seeing as phytoplankton are the major
food source of all filter feeding bivalves. Bivalves such as oysters need more than just an
abundance of food in the water to grow and thrive; they also need high enough levels of
dissolved oxygen (DO) to respire and metabolize their food. Estuaries with high net
primary productivity, known as autotrophic ecosystems, exhibit both an abundance of
phytoplankton and high DO as a result of relatively high photosynthetic production that
outweighs respiration by the estuary’s consumers, such as fish, macroinvertebrates, and
heterotrophic bacteria. In this sense, NPP is a measure of the economic value of an
estuary to a farmer seeking to grow bivalves in its waters.
Net primary productivity is indicative of more than just an estuary’s economic
value to oyster farmers, however, as scientists have used it as a measure of estuary health
for as long as eutrophication has afflicted estuaries adjacent to developed areas
throughout the world. When respiration removes more oxygen from the water column
than photosynthetic production contributes to it, an estuary experiences heterotrophic
conditions, the opposite of autotrophic conditions that support bivalve aquaculture. These
heterotrophic estuaries are often characterized by high allochthonous nutrient and organic
matter inputs entering from freshwater sources to the estuary (Bisson and Bilby 1998).
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When these allochthonous inputs become so high as to fuel phytoplankton blooms and
subsequent bacterial decomposition, they result in the removal of large amounts of
oxygen from the estuary, generating hypoxic conditions in the process known as
eutrophication. Eutrophication threatens to compromise the ecosystem services that
estuaries provide, such as essential nursery habitat for marine species, recreational
swimming and fishing grounds for people, and filtration of nutrients and pollutants before
they reach the ocean. To study eutrophication, scientists have shifted their focus in the
last thirty years to the role that increased NPP plays in restoring the health of a
heterotrophic or eutrophic estuary (Chapra and Di Toro 1991).
Monitoring an estuary’s NPP as it fluctuates with seasonal changes to light,
temperature, salinity, and allochthonous inputs allows scientists to understand and predict
how biological activity between the trophic levels in the ecosystem varies with time.
Similarly for oyster farmers, monitoring an estuary’s NPP would allow them to predict
and prepare for seasonal changes to oyster growth that result from changes to their
phytoplankton food source and access to dissolved oxygen. Not only would this aid
farmers on site at the location of current oyster culture operations, but measuring the NPP
of potentially new locations for oyster farms could also aid farmers in informed site
selection. Knowing the trophic condition of an estuary before deciding to grow bivalves
there on a permanent basis will save farmers from choosing sites that do not ultimately
suit the needs of their culture animals and end up costing them more than the operation
returns.
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Measuring Net Primary Productivity
Measuring the NPP on site is not yet common practice for oyster farmers, and
while it is common practice for scientists assessing the health of an estuary, it is a
measurement that is not obtained easily, quickly, or inexpensively. As a result, this
incredibly telling and useful measurement is collected less often than would be ideal.
NPP is most often measured by quantifying the amount of dissolved inorganic carbon
(DIC) assimilated by phytoplankton in the form of carbon dioxide during photosynthesis.
The amount of carbon assimilated is measured in terms of 14C, a radioisotope that ‘labels’
the DIC and can thus be tracked and quantified. The biological uptake of 14C-labelled
DIC is assumed to be proportional to the uptake of the more common, naturally occurring
12

C DIC, so 14C-labelled DIC uptake is used to calculate 12C DIC assimilation by

phytoplankton. In order to measure the biological uptake of 14C, a rather lengthy, laborintensive, and expensive process ensues. Water samples must be collected prior to dawn,
inoculated with 14C, incubated, filtered, acidified to purge excess 14C, stored frozen, and
finally analyzed using a scintillation counter. Aside from the cost of the equipment used
to do this, the cost of a round of radiocarbon analysis of DIC, in terms of the fees
commonly charged by companies performing this service, ranges from $359 for academic
or federal research to $718 full price for 1-10 water samples (National Ocean Sciences
Accelerator Mass Spectrometry). Therefore, measuring primary productivity with 14C on
site is not something that the typical oyster culture operation does.
There is an alternative, easier, less labor-intensive, and long-term inexpensive
method of measuring NPP that requires only a commonplace YSI meter at most to
measure, if not simply a handheld DO meter, thermometer, and salinity meter. Rather
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than using 14C, NPP can be measured using dissolved oxygen. Oxygen is the energetic
currency that both photosynthetic production and respiration trade in. The amount of
oxygen produced by photosynthesis that remains after consumers have removed what
they need for respiration is the net amount of oxygen available in an ecosystem as a direct
result of biological activity. The biological activity of an ecosystem, measured in terms of
oxygen exchange, is the definition of net ecosystem metabolism (NEM). Net ecosystem
metabolism is the most valuable measurement we can collect to determine the balance
among trophic levels in an estuary, as it can tell us whether autotrophy or heterotrophy
dominates and to what extent. NEM is expressed in terms of the change in dissolved
oxygen over time (mg O2 L-1 d-1). It is represented mathematically as the difference
between production and respiration rates, after the effect of physical influences, such as
reaeration, on oxygen exchange have been subtracted from each biological variable
(Chapra and Di Toro 1991). This calculation used for finding the NEM of an estuary is
known as the Delta Method.
The Delta Method
Devised by Odum (1956) in 1954 and modified many times since then, the Delta
Method is a basic mass balance model for generating the net ecosystem metabolism of an
estuary by estimating primary production, respiration, and reaeration rates on the basis of
dissolved oxygen measurements collected on a diurnal timeframe (Chapra and Di Toro
1991). The Delta Method operates under the following principle. In an aquatic
environment, dissolved oxygen concentrations follow a characteristic diurnal timeframe,
with concentrations rising from morning to mid-afternoon as photosynthesis exceeds
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respiration and falling throughout the evening and night as photosynthesis decreases with
available light (Caffrey 2003; Figure 1).

Figure 1. Graphs obtained from
McBride and Chapra (2005)
illustrating the oscillation of dissolved
oxygen (DO or C) on a diurnal
timeframe in accordance with changes
to photosynthetic production rates (P)
with daylight (P(t)).

Originally, the wave-like function formed by a graph of this oscillation of
dissolved oxygen throughout the day was used to generate a Fourier-series representation
of primary production based on the sum of simple sine waves (O’Connor and DiToro
1970). This allowed Chapra and Di Torro (1991) to develop a piecewise analytical
solution utilizing constants for production, respiration, and reaeration produced by the
Fourier-series approximation. However, for ease of use, Caffrey (2003) has since
simplified this series of equations into just a few calculations that use the observed
change in dissolved oxygen with daylight hours. These equations from Caffrey (2003)
form the modern-day Delta Method used in this study.
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Objectives
The aim of this study was to create a digital model that could apply dissolved
oxygen measurements to the Delta Method in order to estimate the net ecosystem
metabolism of an estuary. The intention is for this model to serve as an easy, inexpensive
tool that oyster farmers can use on site to monitor the changes to biological activity, in
terms of NEM, occurring in an estuary that currently supports their oyster culture
operations. Secondly, this study aimed to determine the viability of using this tool to
assess a site’s potential to support oyster farms in the future. As a proof of concept, I used
dissolved oxygen data collected from the Damariscotta River, as this particular estuary
supports multiple productive oyster farms and hosts two data-gathering, remote-sensing
buoys, deployed by SEANET (the Sustainable Ecological Aquaculture Network) and
known as LOBO (Land/Ocean Biogeochemical Observatory) buoys.
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MATERIALS AND METHODS
Data
Water quality data were obtained from SEANET’s LOBO buoys, which remotely
transmit hourly datasets that are accessible to the public online. Data were obtained from
LOBO buoys 1 and 2 deployed in the Damariscotta River. LOBO buoy 1 is located
upriver amongst the majority of the Damariscotta’s oyster culture operations (Figure 2).
LOBO buoy 2 is located mid-river in front of the Darling Marine Center where there are
no oyster farms currently (Figure 2). Each of the LOBO buoys collects measurements at
1m depth, and it is worth noting that most oyster farmers culture their oysters in bags that
hold them just below the surface of the water from the late spring to late fall. The data
used in this study were collected on September 25th through November 25th of 2015 and
April 19th through November 18th of 2016. Variables from the dataset that were used in
the model include dissolved oxygen, oxygen saturation, percent oxygen saturation,
salinity, temperature, and current speed.

Figure 2. Map of the locations of LOBO buoy 1 and
LOBO buoy 2 on the Damariscotta River, with green
1

zones indicating the location of active oyster farms as
of 2017 and red zones indicating areas where farming
is prohibited.

2
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Calculations
Net ecosystem metabolism estimations were calculated using Delta Method
equations obtained from Caffrey (2003). A derivation of Caffrey’s Delta Method in
addition to the equations used in the model are presented below:
Approximate Delta Method (McBride and Chapra 2005):
Δ Dissolved Oxygen/Time – Reaeration = Production – Respiration
where:
Net Ecosystem Metabolism = Δ Dissolved Oxygen/Time – Reaeration
Net Ecosystem Metabolism is a measure of the change in dissolved oxygen as a result of
biological activity only, excluding changes due to physical influences such as Reaeration
∴
Net Ecosystem Metabolism = Production – Respiration

The Delta Method simplified by Caffrey (2003):
Net Ecosystem Metabolism = Gross Primary Production – Total Respiration
where:
Gross Primary Production = Net Production + Daylight Respiration
Total Respiration = Daylight Respiration + Nighttime Respiration
∴
Net Ecosystem Metabolism = Net Production – Nighttime Respiration
Net Production = Σ [Oxygen Fluxes during daylight hours]
Nighttime Respiration = Σ [-1 * (Oxygen Fluxes during nighttime hours)]
Daylight Respiration = (Nighttime Respiration/nighttime hours) * daylight hours
Daylight and nighttime hours calculated using suncycle function (UCSD Online
MATLAB Toolbox Index)
Oxygen Flux = (Δ Dissolved Oxygen/Time * Depth of Measurement) – Reaeration
Reaeration = (1 – Average Percent Oxygen Saturation/Time) * K2 * Δ Time
Oxygen Saturation calculated using temperature and salinity (eq. 32,
Benson and Krause 1980)
Reaeration Coefficient K2 = 2.148 * Current Speed (m s-1) 0.878 * Average
Depth of Flow (m) -1.48 (eq. 2.13, Jolánkai 1997)
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The model’s calculation of daytime respiration for gross primary production
(GPP) assumes that hourly respiration rates remain constant throughout the day and
night, such that respiration rates during the day are equivalent to respiration rates during
the night (Caffrey 2003; Caffrey 2004). To convert gross primary production rates from a
measure of oxygen (mg O2 L-1 d-1) to a measure of carbon (mg C L-1 d-1), a quotient of
1.2 (O2:CO2 molar) obtained from Caffrey (2004) is applied to the model. For rates of
total respiration, a quotient of 1 (O2:CO2 molar) obtained from Caffrey (2004) was used.
For this model, the Damariscotta River is assumed to be laterally and longitudinally wellmixed at LOBO 1 and LOBO 2.
Numerous equations for calculating the reaeration coefficient (K2) exist for net
ecosystem metabolism modeling of estuaries. Many researchers agree that wind speed
does not have a significant influence on reaeration in estuaries, though few field studies
have been conducted to confirm this assumption. It is well documented that reaeration in
lakes is a function of wind speed, while reaeration in rivers, on the other hand, is not
significantly impacted by wind speed. Because most estuaries, the Damariscotta River
especially, share more physical characteristics with rivers, many researchers choose to
use equations for K2 that leave the wind variable out. This study’s model used an
equation for K2 from Jolánkai (1997) that does not account for wind speed. However, an
alternative equation for K2 from Thomann and Fitzpatrick (1982), presented below, that
does factor in wind speed was applied to the model, after the fact, for the purpose of
assessing the significance of incorporating this variable:
Reaeration Coefficient K2 = ((13 * Current Speed (ft s-1))/Average Depth of Flow (ft) 1.5) + (0.728
* Wind Speed (m s-1) 0.5) – (0.317 * Wind Speed (m s-1)) + (0.0372 * Wind Speed (m s-1) 2))
(Thomann and Fitzpatrick 1982)
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In order to assess the significance of incorporating wind speeds, comparisons
were made between the NEM generated by the model using the original K2 equation
from Jolánkai (1997) and the NEM generated using the alternative K2 equation from
Thomann and Fitzpatrick (1982). Comparisons were also made between the NPP
measured by Bigelow Laboratory using 14C radiocarbon analysis and the NEM generated
by the model using the alternative K2 equation. Wind speed and wind direction data for
2015 and 2016 were obtained online from Wiscasset Airport in Wiscasset, Maine.
Data Analysis
The datasets were uploaded as an Excel file to a modeling program called
MATLAB. In MATLAB, I created a mathematical code that runs the uploaded data
through Delta Method calculations to generate estimations of net ecosystem metabolism.
Estimations of gross primary production and total respiration rates are also generated by
the model. The MATLAB code, used in conjunction with the datasets, comprise the tool I
that use in this study to assess sites in the Damariscotta River.
For further analysis, net ecosystem metabolism was plotted against other physical
and biological variables not used in the model, such as chlorophyll, photosynthetic active
radiation (PAR), and nitrate, to evaluate how closely the seasonal trends shown by NEM
mirror those shown by these other key variables. In order to assess the model’s accuracy,
I compared the net primary production values generated by the model to actual net
primary production values measured in the Damariscotta River by Bigelow Laboratory
using 14C radiocarbon analysis and assumed in this study to be accurate.
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RESULTS
Modeling Seasonal Trends in Biological Activity
Seasonal fluctuations in the net ecosystem metabolism of the Damariscotta River
indicate that NEM is highest in the summer, peaking during the months of July and
August for both LOBO 1 (July: 1.08 ± 0.66; August: 0.96 ± 0.60 mg O2 L-1 d-1) and
LOBO 2 (July: 0.40 ± 0.33; August: 0.40 ± 0.29 mg O2 L-1 d-1) (Table 1). This trend is in
accordance with those reported in the literature, with Caffrey (2004) observing the
highest NEM in the majority of U.S. estuaries (n=42) during the summer months,
particularly in July during the summer algal bloom. The range of NEM values (average
monthly NEM: 0.15 ± 0.16 to 1.08 ± 0.66 mg O2 L-1 d-1) generated by the model is well
within the absolute value of the range of NEM values reported for U.S. estuaries by
Caffrey (2003) (n=28) and Caffrey (2004).
A comparison between net primary production generated by the model and actual
net primary production found by Bigelow Laboratory using 14C radiocarbon analysis
reveals that modeled NPP is higher on average than actual NPP by 0.45 mg C L-1 d-1 at
LOBO 1 (Figure 3) and 0.14 mg C L-1 d-1 at LOBO 2 (Figure 4). However, overlapping
standard error bars, calculated using standard deviation, for almost all monthly NPP
averages at LOBO 2 and some monthly NPP averages at LOBO 1 indicate that model
values are not so far out of the actual measured NPP range as to be unreasonable. Still,
higher modeled NPP at LOBO 1 (Figure 3) indicates that the model does not always
produce primary productivity values of the same accuracy as 14C radiocarbon analysis. In
contrast, modeled gross primary productivity (GPP) values fall on the lower end of the
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range reported by Caffrey (2003) and (2004), with no modeled values exceeding the GPP
found for each of the U.S. estuaries evaluated in these two studies.
A plot of NEM against GPP and total respiration reveals that NEM acts as a result
of the combination of these two factors, as intended (Figure 5 & 6). For example, NEM is
highest when GPP is high and total respiration is low, or in other words, when the
difference between GPP and total respiration is greatest and the value is positive (Figure
5 & 6). Autotrophic sites (NEM>0 mg O2 L-1 d-1) reported by Caffrey (2004) exhibited
higher GPP than total respiration, which was similarly the case for LOBO 1 and LOBO 2
in the Damariscotta River (Table 1). However, all modeled GPP and total respiration
values were lower than those reported by Caffrey (2004) for both autotrophic and
heterotrophic sites, indicating that GPP does not have to be particularly high for the site
to be autotrophic; rather, so long as GPP is proportionally higher than total respiration, a
site can be autotrophic.
Seasonal trends in net ecosystem metabolism act as expected when related to the
trends in other physical and biological variables. For example, monthly increases in NEM
generally match up with monthly increases in chlorophyll throughout the year at LOBO 1
(Figure 7), though this trend is not as clear at LOBO 2 (Figure 8). For the year 2016,
when the summer phytoplankton bloom occurred in July and August, a peak in
chlorophyll was accompanied by a peak in NEM at LOBO 1 (Figure 7) and LOBO 2
(Figure 8). However, for the same year, when the fall phytoplankton bloom occurred in
October, a peak in chlorophyll was not accompanied by a peak in NEM at LOBO 1
(Figure 7) or LOBO 2 (Figure 8). During the fall bloom in October, which peaked around
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October 16th, high GPP was accompanied by high respiration rates that resulted in the
low NEM during this time at LOBO 1 (Figure 5) and LOBO 2 (Figure 6).
When compared to photosynthetic active radiation (PAR) in 2016, a monthly
decline in NEM following the month of July occurred in conjunction with a steady
monthly decline in PAR at LOBO 1 (Figure 9) and LOBO 2 (Figure 10), as would be
expected. However, trends in 2016 also indicate proportionally low NEM where PAR is
high during the early summer months at LOBO 1 (Figure 9). During the same early
summer months when PAR is highest, temperature is at its lowest at LOBO 1 (Figure 11)
and LOBO 2 (Figure 12), indicating that NEM is influenced by temperature where PAR
is not. The seasonal trend in NEM closely follows that of temperature, especially in 2016,
at LOBO 1 (Figure 11) and LOBO 2 (Figure 12). The same relationship is true for NEM
and nitrate in 2016 (Figure 13), especially at LOBO 2 (Figure 14).
Monthly average NEM is higher throughout the year in 2016 than in 2015 at both
LOBO 1 (figure 5) and LOBO 2 (Figure 6). It is worth noting that a drought during 2016
resulted in higher salinities than those measured in 2015 at both sites (Figure 15 & 16),
which may have attributed to the differences in NEM and other physical and biological
variables between the two years. Caffrey (2004) found that salinity plays an important
role in controlling NEM, with more saline sites showing autotrophic conditions or
conditions closer to trophic balance than less saline sites. However, it is difficult to say
whether NEM in 2016 was higher on average than NEM in 2015 because much of the
2015 data was not available.
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Determining the Viability of Using the Model for Site Assessment
Modeled monthly NEM averages are all above 0 mg O2 L-1 d-1, indicating that the
Damariscotta River exhibits autotrophic conditions at both sites during all months
measured (May – November) (Table 1). Of the 42 estuarine sites evaluated, Caffrey
(2004) reported only three sites with autotrophic NEM values (0.3 ± 0.2, 0.5 ± 0.2, and
0.9 ± 0.3 mg O2 L-1 d-1). In 2016, modeled monthly NEM averages at LOBO 1 exceed the
lower two values from Caffrey (2004) at least five months out of the year and the highest
value one month out of the year (Table 1), indicating highly autotrophic conditions at
LOBO 1 uncommon to most of the U.S. estuaries evaluated in the literature. In 2016,
modeled monthly NEM averages at LOBO 2 exceed the lowest NEM value reported by
Caffrey (2004) for three months out of the year (Table 1), indicating that, among the
autotrophic sites evaluated in the literature, LOBO 2 exhibits autotrophic conditions at
the lower end of the reported range, unlike LOBO 1.
Average monthly NEM at LOBO 1 is higher than that at LOBO 2 throughout year
for 2015 and 2016 (Figure 17 & 18). When NEM is highest for both locations midsummer, monthly average NEM at LOBO 1 is higher than that at LOBO 2 by as much as
0.68 mg O2 L-1 d-1 in July and 0.56 mg O2 L-1 d-1 in August (Table 1). Similarly, average
monthly GPP (Table 1) and chlorophyll (Figures 7 & 8) at LOBO 1 are higher than those
at LOBO 2. At LOBO 1, temperature is also higher (Figure 11 & 12) throughout the 2016
year, though PAR is lower (Figure 9 & 10). Salinities are higher at LOBO 2 (Figure 16)
than at LOBO 1 (Figure 15), especially during the early summer months in 2016.
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Evaluating the Use of Wind Speed in Reaeration Calculations
When the alternative reaeration coefficient (K2) equation incorporating wind
speed was applied to the model in place of the original K2 equation, monthly NEM
averages in 2016 were higher, on average, than the original NEM averages by 2.83 mg O2
L-1 d-1 at LOBO 1 and 2.12 mg O2 L-1 d-1 at LOBO 2 (Table 2). Standard deviation values
for the alternative monthly NEM averages were also significantly larger, reaching as high
as ± 2.73 mg O2 L-1 d-1 (Table 2). Additionally, alternative NEM did not follow the same
seasonal trends as the original NEM, peaking instead during the month of May at LOBO
1 and LOBO 2 in 2016 (Table 2). More importantly, seasonal trends in alternative NEM
differ between LOBO 1 and LOBO 2, which is very unlikely to have occurred in real
time, especially considering that this is not seen in the other physical and biological
variables. For example, alternative monthly NEM averages at LOBO 1 show a second
peak in July and August, whereas alternative NEM averages at LOBO 2 show a steady
decline following the peak in May (Table 2).
All of the alternative monthly NEM averages exceeded the highest NEM values
reported by Caffrey (2003; 2004). Alternative monthly NPP averages were unrealistically
higher than actual monthly NPP averages reported by Bigelow Laboratory, with no
overlap in standard deviation for LOBO 1 (Figure 19) or LOBO 2 (Figure 20). For
example, alternative monthly average NPP in 2016 exceeded actual NPP, on average, by
3.12 mg O2 L-1 d-1 at LOBO 1 and 3.14 mg O2 L-1 d-1 at LOBO 2.
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DISCUSSION
Modeling Seasonal Trends in Biological Activity
The range of NEM values generated by the model is well within that reported in
the literature (Caffrey 2003; Caffrey 2004), and the seasonal trend in biological activity,
in which NEM peaks mid-summer in July and August, aligns with the timing of common
summer algal blooms. This suggests that the NEM values generated by the model are
within reasonable parameters. A comparison between modeled NPP and actual NPP
found by Bigelow Laboratory using 14C radiocarbon analysis revealed that values
generated by the model are slightly high, more so at LOBO 1 than at LOBO 2. The
higher NEM values at LOBO 1 may be explained by additional dissolved oxygen
produced by benthic diatom mats that affected measurements at this shallower site.
However, regardless of the impact that these diatom mats may have potentially had,
overlap in standard deviation between modeled and actual NPP suggests that the modeled
values are not unrealistic but may be slightly inaccurate. In terms of accuracy, using
dissolved oxygen as a measure of biological activity does come with some inherent
limitations. The NPP generated by this model is derived from a measure of oxygen,
which, unlike 14C, is a byproduct. The change in oxygen concentrations in the water acts
only as evidence of metabolic activity in the estuary, rather than a direct quantification of
it like 14C and other biomass measurements. These fundamental differences between the
two types of measurements likely explain the variation in accuracy between the modeled
and actual NPP values.
Caffrey (2003) notes that net ecosystem metabolism is not as ‘clear-cut’ as other
indices, such as degree of hypoxia or biodiversity, and requires a bit more interpretation.

20

Although, what matters most to farmers monitoring the biological activity on site is the
relative change in NEM throughout the season, rather than the actual value of NEM at
any one time. As long as the changes in NEM are proportional to each other, which is this
case in this study, the model is useful. It can be used by farmers to answer the following
major questions: 1) how productive is this site relative to another in the same or a
different estuary; 2) what is the trophic balance between production by primary producers
and respiration by consumers within this system; and 3) how is this system changing over
time, both seasonally and historically (Caffrey 2003)?
Comparisons between modeled values for the Damariscotta River and values from
autotrophic and heterotrophic U.S. estuaries in the literature revealed that GPP and total
respiration rates in the Damariscotta are comparatively low, even though NEM is
comparatively high (Caffrey 2003; Caffrey 2004). After plotting NEM against GPP and
Total Respiration, it became clear that NEM was a result of the difference between these
two variables. Therefore, NEM is highest not solely when GPP is highest, or when total
respiration rates are lowest, but when the difference between GPP and total respiration is
greatest (in the positive direction). The advantage of using the change in dissolved
oxygen instead of 14C to measure biological activity is most evident here. While 14C only
tells the story of gross primary production in an estuary, net ecosystem metabolism tells
the story of both GPP and respiration. Consider measurements collected from a eutrophic
estuary. GPP is high in the estuary as a result of excess nutrients that fuel algal growth,
but respiration rates are also high as a result of the decomposition of dead algae by
heterotrophic bacteria, creating hypoxic conditions. 14C measurements here would reveal
high GPP that may lead farmers to believe that the estuary exhibits autotrophic
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conditions. In contrast, low NEM calculated using DO measurements would reveal the
hypoxic conditions in the estuary that result from both high GPP and high respiration
rates, giving the farmer the whole picture where 14C fails to.
Seasonal trends in NEM were mirrored by trends in many of the other physical
and biological variables at play in the Damariscotta River, such as chlorophyll, PAR,
temperature, and nitrate. Matching trends indicate that modeled NEM acts as these other
measurements suggest it should. For example, throughout most of 2015 and 2016,
especially during the time of the summer bloom, monthly increases in NEM tended to
match up with monthly increases in chlorophyll, a reliable measure of phytoplankton
biomass in the estuary. The only time trends in NEM differed greatly from trends in
chlorophyll was in October when chlorophyll measurements peaked, indicating a fall
bloom, and NEM remained low. This fall bloom was characterized by high respiration
rates in addition to high GPP, explaining the low NEM and indicating once more that
NEM provides a more comprehensive picture of biological activity in the estuary than
biomass measurements do. It is a similar story with the relationship between NEM, PAR,
and temperature.
In 2016, a steady decline in monthly NEM following the month of July occurred
in conjunction with a steady decline in PAR. During the early summer months, however,
high PAR levels were met with low NEM. During these same months, temperature was
lowest out of all the months measured, which severely limited primary production rates
even though light was readily available. These low primary production rates were
reflected by trends in NEM but not by trends in PAR. Therefore, NEM captures the effect
of temperature on biological activity where PAR does not. The relationship that NEM
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shares with chlorophyll, PAR, and temperature indicates that net ecosystem metabolism
serves as a reflection of both biological (chlorophyll) and physical (PAR, temperature)
influences in an estuary, so by calculating just NEM, farmers can receive more
information than any one, or even two, of these variables can provide.
Determining the Viability of Using the Model for Site Assessment
Moderate rates of gross primary production, complemented by low respiration
rates, result in high net ecosystem metabolism values in the Damariscotta River. Monthly
NEM averages reveal that the Damariscotta River is autotrophic at both LOBO 1 and
LOBO 2 during all months measured. These NEM values fall within, and at times
exceed, NEM values reported in the literature for autotrophic U.S. estuaries (Caffrey
2003; Caffrey 2004), indicating that the Damariscotta River exhibits uniquely high levels
of autotrophy, especially at LOBO 1. This modeled result is consistent with the literature
(McAlice 1977; Mayer et al. 1996). The Damariscotta River is known to have the largest
standing stock of phytoplankton among its neighboring estuaries, the Kennebec and
Sheepscot Rivers, neither of which support successful bivalve aquaculture (Mayer et al.
1996). This is due in part to the Damariscotta’s large surface area, which provides plenty
of space for phytoplankton in the shallows to flourish with available light. Supporting this
idea, Caffrey (2004) found that estuaries with larger surface areas (ratio of surface
area:total volume) were typically more autotrophic, or closer to balance (0), than those
with smaller surface areas.
Another major reason for the Damariscotta’s large phytoplankton population is
the estuary’s heavy marine influence, with oceanic waters extending far up into the
estuary due to benthic morphology and comparatively little freshwater input. Caffrey
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(2004) found that saline sites were typically more autotrophic than freshwater sites,
showing high NEM values similar to those generated by the model. In the Damariscotta
River, saline waters bring ocean-sourced nutrients, such as phosphorus, which benefits
phytoplankton growth, and carbonate, which benefits shell building in bivalves, creating
ideal conditions for bivalve aquaculture. Mayer et al. (1996) reports that the Damariscotta
River acts as a ‘powerful reaction zone’ for Gulf of Maine water, efficiently converting
the oceanic nutrient load to living biomass in nearly a 1:1 conversion. This trophic
balance is mirrored in the often equally low to moderate GPP and respiration rates
generated by the model.
Average monthly NEM and GPP at LOBO 1 are higher than those at LOBO 2
throughout year for 2015 and 2016. In July and August, average monthly NEM at LOBO
1 is more than two times higher than that at LOBO 2, indicating higher dominance of
autotrophy at LOBO 1. To determine the viability of using the model as a tool for site
assessment, I compared the trophic conditions suggested by modeled NEM values at each
site to the location of current oyster farm operations in the Damariscotta River. LOBO 1,
located upriver directly amongst the majority of the Damariscotta’s oyster farms,
exhibited higher autotrophy than LOBO 2, located downriver of LOBO 1 not near the site
of any active oyster farms. Therefore, the NEM values generated by the model correctly
reflect each site’s current, demonstrated capacity to support aquaculture. Additionally,
once these modeled NEM values are obtained from a site that is known to be ideal for
oyster farming, farmers can use them for relative comparison with other potentially new
sites for oyster aquaculture. For example, if an oyster farmer finds a site with NEM
values equally as high, or higher than, those at the ideal site throughout most of the year,
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he/she can be relatively certain that the new site would yield profitable results should
operations be extended there.
An additional method that may aid farmers in site selection is to compare the
biological and physical characteristics of the site known to be ideal for aquaculture to the
new site being assessed. For example, LOBO 1 exhibits higher temperatures than LOBO
2, especially in the summer months, due to the influence of freshwater inputs on LOBO
1, stationed closer to the head of the river (McAlice 1977). Caffrey (2004) reports that
temperature has the greatest effect on NEM of all other factors, so it is likely that NEM at
LOBO 1 is higher as a result of these warmer temperatures. Therefore, an oyster farmer
may take this piece of information and seek out a site with high temperatures.
Evaluating the Use of Wind Speed in Reaeration Calculations
Applying the alternative reaeration coefficient (K2) equation from Thomann and
Fitzpatrick (1982), which incorporates wind speed, to the model in place of the original
K2 equation from Jolánkai (1997) resulted in monthly NEM averages that exceeded the
range reported by Caffrey (2003; 2004) and were as much as two times higher than the
original averages, with exceptionally large standard deviations. The alternative monthly
NPP averages were also unrealistically high compared to actual NPP reported by Bigelow
Laboratory, with no overlap in standard deviation, and seasonal trends in the alternative
NEM were inconsistent. These results strongly suggest that incorporating wind speed into
the model using the K2 equation from Thomann and Fitzpatrick (1982) results in
unreasonable and inaccurate values for NEM, NPP, GPP, and total respiration, and I
would not recommend using it going forward.
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The alternative K2 equation from Thomann and Fitzpatrick (1982) was
recommended by a highly cited report performed for the US Environmental Protection
Agency that reviewed 23 studies and each the K2 equations they used (Bowie et al.
1985). I recognize that the inaccurate alternative model values could be a result of the
particular K2 equation chosen, rather than the incorporation of wind speed all together,
but it is difficult to determine which K2 equation, then, is most fitting for the model.
Regardless, the model appears to function just fine without the use of wind speed in
reaeration calculations. Therefore, I recommend the use of the original K2 equation from
Jolánkai (1997).
Recognizing the Limitations of the Model
It is important to note that values generated by this model are best used for
relative comparison among seasons and sites rather than as stand-alone measurements of
biological activity. This model is functional, potentially useful, and capable of aiding
oyster farmers in site assessment and on site monitoring of an estuary’s biological
productivity. However, it requires oyster farmers to have access to the following: a
deployable YSI sonde that measures DO, salinity, and temperature; a current meter; and
MATLAB software (downloadable). Each of these tools involves considerations of cost
for the farmer as well as additional training in their use. However, this remains an easier,
less expensive process than 14C radiocarbon analysis, and it has the potential save farmers
from costly losses to culture production in the future by allowing them to predict and
prepare for changes to oyster growth on a temporal scale. On a spatial scale, this model
could save farmers from choosing new sites that do not ultimately suit the needs of their
culture animals and end up costing them more than the operation returns. Ultimately, the
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practicality of using this model cannot be fully determined until an oyster farmer decides
to put it to the test.
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FIGURES & TABLES

LOBO
1

LOBO
2

May

June

July

August

Septemb
er

October

Novemb
er

NEM (mg O2 L-1 d-1)

0.42 ±
0.33

0.60 ±
0.45

1.08 ±
0.66

0.96 ±
0.60

0.75 ±
0.45

0.54 ±
0.36

0.36 ±
0.31

GPP (mg C L-1 d-1)

0.31 ±
0.28

0.45 ±
0.33

0.82 ±
0.48

0.69 ±
0.45

0.59 ±
0.29

0.39 ±
0.33

0.34 ±
0.25

Total Resp (mg C L-1 d-1)

-0.042
± 0.40

-0.046
± 0.47

-0.12 ±
0.60

-0.13 ±
0.63

-0.042 ±
0.35

-0.077 ±
0.25

0.047 ±
0.26

NEM (mg O2 L-1 d-1)

0.20 ±
0.18

0.21 ±
0.31

0.40 ±
0.33

0.40 ±
0.29

0.34 ±
0.24

0.28 ±
0.29

0.15 ±
0.16

GPP (mg C L-1 d-1)

0.17 ±
0.16

0.25 ±
0.17

0.22 ±
0.22

0.25 ±
0.15

0.21 ±
0.17

0.19 ±
0.21

0.11 ±
0.12

Total Resp (mg C L-1 d-1)

0.0049
± 0.23

0.092
± 0.33

-0.14 ±
0.31

-0.097
± 0.24

-0.083 ±
0.17

-0.049 ±
0.13

-0.021 ±
0.14

Table 1. Table of monthly averages for net ecosystem metabolism (NEM), Gross
Primary Productivity (GPP), and Total Respiration (Total Resp) and their standard
deviations for May through November of 2016 at LOBO 1 and LOBO 2.
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Monthly Average Net Primary Production
(mg C L-1 d-1)

1.4
LOBO 1 Modeled
Values

1.2
1
0.8
0.6
0.4
0.2
0
May

June

July
August
Month (2016)

September

October

Figure 3. Graph of monthly average net primary production (NPP, mg C L-1 d-1)
generated by the model compared to actual NPP found by Bigelow Laboratory using 14C
radiocarbon analysis for May through November of 2016 at LOBO 1 with standard error
bars (standard deviation) shown.
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Monthly Average Net Primary
Production (mg C L^-1 d^-1)

1.4

LOBO 1 Modeled
Values

1.2
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August
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Figure 4. Graph of monthly average net primary production (NPP, mg C L-1 d-1)
generated by the model compared to actual NPP found by Bigelow Laboratory using 14C
radiocarbon analysis for May through November of 2016 at LOBO 2 with standard error
bars (standard deviation) shown.
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Figure 5. Graph of weekly average net ecosystem metabolism (mg O2 L-1 d-1), gross
primary production (mg C L-1 d-1), and total respiration (mg C L-1 d-1) at LOBO 1 for
September through November of 2015 and April through November of 2016.
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Figure 6. Graph of weekly average net ecosystem metabolism (mg O2 L-1 d-1), gross
primary production (mg C L-1 d-1), and total respiration (mg C L-1 d-1) at LOBO 2 for
September through November of 2015 and April through November of 2016.
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Figure 7. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against chlorophyll
(ug L-1) at LOBO 1 for September through November of 2015 and April through
November of 2016.
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Figure 8. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against chlorophyll
(ug L-1) at LOBO 2 for September through November of 2015 and April through
November of 2016.
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Figure 9. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against
photosynthetic active radiation (PAR) (um m2 s-1) measured at the surface of the water at
LOBO 1 for September through November of 2015 and April through November of
2016.
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Figure 10. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against
photosynthetic active radiation (PAR) (um m2 s-1) measured at the surface of the water at
LOBO 2 for September through November of 2015 and April through November of
2016, with PAR data absent for most of May and June, 2016.
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Figure 11. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against
temperature (°C) at LOBO 1 for September through November of 2015 and April through
November of 2016.
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Figure 12. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against
temperature (°C) at LOBO 2 for September through November of 2015 and April through
November of 2016.
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Figure 13. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against nitrate
(uM) at LOBO 1 for September through November of 2015 and April through November
of 2016.
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Figure 14. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against nitrate
(uM) at LOBO 2 for September through November of 2015 and April through November
of 2016.
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Figure 15. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against salinity
(psu) at LOBO 1 for September through November of 2015 and April through November
of 2016.
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Figure 16. Graph of net ecosystem metabolism (mg O2 L-1 d-1) plotted against salinity
(psu) at LOBO 2 for September through November of 2015 and April through November
of 2016.
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Figure 17. Graph of net ecosystem metabolism (mg O2 L-1 d-1) at LOBO 1 (left) and
LOBO 2 (right) for April through November of 2016.

43

2
LOBO 1
LOBO 2

NEM (mg O2 L-1 d-1)
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Figure 18. Graph of net ecosystem metabolism (NEM, mg O2 L-1 d-1) at LOBO 1 and
LOBO 2 for May through November of 2016 with standard error bars (standard
deviation) shown.
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NEM (mg O2
L-1 d-1)

May

June

July

August

Septem
ber

October

Novembe
r

Using
Original K2
(Jolankai
1997)

LOBO
1

0.42 ±
0.33

0.60 ±
0.45

1.08 ±
0.66

0.96 ±
0.60

0.75 ±
0.45

0.54 ±
0.36

0.36 ±
0.31

LOBO
2

0.20 ±
0.18

0.21 ±
0.31

0.40 ±
0.33

0.40 ±
0.29

0.34 ±
0.24

0.28 ±
0.29

0.15 ±
0.16

Using
Alternative
K2
(Thomann &
Fitzpatrick
1982)

LOBO
1

5.30 ±
2.56

3.84 ±
1.28

4.61 ±
1.82

4.22 ±
1.52

2.95 ±
1.49

2.07 ±
0.98

1.52 ±
0.82

LOBO
2

4.75 ±
2.73

3.52 ±
2.19

2.59 ±
1.06

2.36 ±
1.28

1.40 ±
0.94

1.21 ±
0.63

0.97 ±
0.59

Table 2. Table of monthly average net ecosystem metabolism (NEM) values and their
standard deviations generated using the original reaeration coefficient (K2) equation and
the alternative K2 equation that incorporates wind speeds for May through November of
2016 at LOBO 1 and LOBO 2.
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Monthly Average NPP (mg C L-1 d-1 )
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Figure 19. Graph of alternative monthly average net primary production (NPP, mg C L-1
d-1) generated by the model using a reaeration coefficient (K2) equation that incorporates
wind speeds compared to actual NPP found by Bigelow Laboratory using 14C
radiocarbon analysis for May through November of 2016 at LOBO 1 with standard error
bars (standard deviation) shown.
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Monthly Average NPP (mg C L-1 d-1
)

7

LOBO 2 Alternative K2 Model Values
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LOBO 2 Actual Values
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Figure 20. Graph of alternative monthly average net primary production (NPP, mg C L-1
d-1) generated by the model using a reaeration coefficient (K2) equation that incorporates
wind speeds compared to actual NPP found by Bigelow Laboratory using 14C
radiocarbon analysis for May through November of 2016 at LOBO 2 with standard error
bars (standard deviation) shown.
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